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論文内容要旨
Chapter 1  Introduction/ Chapter 2  Literature review 
In this thesis, the objective was to develop efficient green processes for one-pot synthesis of platform 
chemicals 5-ethoxymethylfurfural (5-EMF) and -valerolactone (GVL) from biomass-related starting materials. 
Chapter 2 showed that studies are needed to assess the potential application on using functional ionic liquid 
additives as homogeneous catalysts for 5-EMF synthesis [1].  In GVL synthesis, there is a great challenge to 
develop a reaction system for conversion of levulinic acid (LA) into GVL using formic acid (FA) as hydrogen 
donor source with non-noble catalysts [2].  In the literature, although ionic liquids are effective for many biomass 
transformations, their activity tends to decrease with increasing number of uses [2-4] so that reactivation methods 
are needed. 
Chapter 3  Efficient conversion of 5-hydroxymethylfurfural (5-HMF) and fructose into 
5-ethoxymethylfurfural (5-EMF) with hydrogen sulfate ionic liquids as co-solvent and catalyst
Ionic liquid addtives [A][B] (A=1-methylimidazolium, [HMIM]+; 1-ethyl-3-methylimidazolium, 
[EMIM]+; or 1-butyl-3-methylimidazolium, [BMIM]+, B= hydrogen sulfate, [HSO4]-; acetate, [AC]-; 
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diethylphosphate, [DEP]-); dimethylphosphate, 
[DMP]-)  or chloride, [Cl]- to ethanol were studied 
for 5-HMF and fructose conversion into 5-EMF (Fig. 
1).  In the [BMIM][HSO4]-ethanol system, 83 % 
5-EMF yields were obtained from fructose at 130 ºC 
in 20 min reaction time, which was much more 
efficient than other catalytic systems.  The ionic 
liquid was demonstrated to be reusable for five times 
with minimal loss in catalytic activity (ca. 3 % loss 
in 5-EMF yield).  Hydrogen sulfate ionic liquid 
additives allow replacement of hazardous solvents, 
mineral acids and they provide a green and 
efficient method for production of 5-EMF.  
 
Chapter 4  One-pot conversion of carbohydrates with fructosyl moieties into 5-ethoxymethylfurfural 
(5-EMF) with hydrogen sulfate ionic liquid additives  
 In Chapter 4, the objective was to prepare 5-EMF 
from inulin and other carbohydrate substrates (e.g. glucose, 
sucrose, and mannose) with hydrogen sulfate ionic liquid 
additives.  The mechanism of inulin transformation in 
homogeneous and heterogeneous catalytic systems was 
elucidated (Fig.2).  The hydrogen sulfate anion of the 
ionic liquid had higher selectively compared with other 
sulfate based homogeneous or heterogeneous catalysts (e.g. 
H2SO4 or Amberlyst-15).  
 
Chapter 5  Transformation of 5-HMF into 5-EMF in ethanol with hydrogen sulfate ionic liquid additives: 
and ionic liquid recycle and reactivation 
 In Chapter 5, the objectives were to understand the role of the ionic liquid additive in the 
fructose-ethanol reaction system for producing 5-EMF and to develop a method for ionic liquid reactivation.  
The ionic liquid has four roles (Fig.3): (i) it acts as co-solvent to promote substrate solubility; (ii) it acts as 
Fig.1 Conversion of fructose into 
5-ethoxymethylfurfural in ethanol with various ionic 
liquid additives.( 0.09 g fructose, 1 g IL, 2.5 mL 
ethanol, at 130 ºC and 20 min).
Fig.2 Reaction schemes for (a) homogeneous 
and (b) heterogeneous catalytic systems. 
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homogeneous catalyst for carbohydrate hydrolysis, 
dehydration and etherification; (iii) it stabilizes the 
intermediate 5-HMF through hydrogen bonds that 
hinder side-reactions (e.g. humins); and (iv) it 
stabilizes the ethanol solvent through both cation and 
anion hydrogen bonds to keep ethanol in close 
proximity to the stabilized 5-HMF thus allowing 
etherification of 5-HMF to proceed efficiently.  The 
hydrogen sulfate ionic liquid additive was 
reactivated by treatment with activated carbon to obtain no loss in its activity.  
 
Chapter 6  Selective conversion glucose into 5-ethoxymethylfurfural in ethanol with dipolar aprotic 
solvent and ionic liquid additives 
 In Chapter 6, a study was made on the application 
of an ionic liquid-metal chloride system in which hydrogen 
bond donor/acceptor groups on the ionic liquid allowed 
5-EMF to be obtained from glucose-based carbohydrates via 
glucose isomerization to fructose and fructose dehydration to 
5-HMF.  The 5-EMF yields decreased with the additive 
dipolar aprotic solvent DMSO, which is possibly due to the 
ethanol preferentially interacting with DMSO and the 
formation of hydrogen bonds between DMSO and hydrogen 
sulfate anion of the ionic liquid thus decreasing ionic liquid 
acidity (Fig.4). 
 
Chapter 7  Production of γ-valerolactone (GVL) from levulinic acid (LA) with non-noble metal functional 
carbon catalysts in supercritical CO2 (scCO2)-ionic liquid biphasic reaction system 
 In Chapter 7, an aprotic ionic liquid [BMIM]Cl was chosen as solvent to form a biphasic system with 
scCO2 based on results of Chapter 3.  A series of functional carbon materials as supports for transition metals 
were prepared by one-pot hydrothermal carbonization of glucose in the presence of metal salts (e.g. nickel sulfate 
or copper sulfate).  Enhanced catalytic hydrogenation of levulinic acid (LA) to -valerolactone (ca. 97 % yield of 
Fig.3 Reaction mechanism for conversion of fructose 
into 5-EMF in the ethanol-ionic liquid 
[BMIM][HSO4] reaction system. 
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Fig.4 Effect of the additive of the DMSO 
on the formation of the 5-EMF. 
GVL, 3 h reaction time) was observed in the 
supercritical carbon dioxide (scCO2)-ionic liquid 
([BMIM]Cl) biphasic system over Ni-functional 
carbonaceous catalyst using formic acid as hydrogen 
donor source.  In sharp contrast, much lower GVL 
yields were obtained in the absence of CO2 under 
identical reaction conditions (Table 1).  The 
Ni-functional carbon catalyst was demonstrated to be 
stable for at least five cycles with minimal loss in 
catalytic activity. 
 
Chapter 8  Conclusions 
 One-pot conversion of carbohydrates into the biofuel 5-EMF in ethanol is effective with hydrogen 
sulfate ionic liquid additives.  The hydrogen sulfate ionic liquid acts as both co-solvent and homogeneous 
catalyst and it can be reactivated by simple physical treatment with activated carbon.  The mechanism of the 
ionic liquid in the conversion of carbohydrates into 5-EMF was found to be related to the stabilization of the 
intermediate 5-HMF with hydrogen sulfate ionic liquid.  The hydrogen sulfate ionic liquid enhances glucose 
solubility, and formation of the intermediates with glucose and AlCl3 that promote glucose ring opening.  
Supercritical carbon dioxide-ionic liquid [BMIM]Cl biphasic systems and hydrothermally-prepared Ni-functional 
carbon catalysts provide an effective hydrogenation reaction system for conversion of LA into GVL using formic 
acid as hydrogen donor source. 
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Table 1. Hydrogenation of LA to GVL in [BMIM]Cl 
solvent with and without supercritical carbon 
dioxide. (0.24 g of LA, 1 g of [BMIM]Cl, 0.05 g of 
catalyst, 0.5 mL of FA, 170 ºC, 8.5 MPa). 
Time 
(h)
GVL yield (%) 
Without CO2  With scCO2 
2 21  47 
3 25  71 
3a -  97 
4 18  60 
a:0.18 g LA. 
（別紙） 
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論文審査結果の要旨 
  
 本論文の目的は，バイオマス由来物質を出発原料とするバイオ燃料の合成に向け，5-ethoxymethyl furfural (5-EMF)
あるいはγ-valerolactone (GVL)などの有用なプラットフォーム化学物質の効率的合成を試みるものであった． 
 第1章および第2章では，第3章以降に記す研究の必要性を説くべく，研究背景ならびに既往の研究をまとめた．
特に 5-EMF合成に関しては，均一系触媒としての機能性イオン液体添加系における反応特性の把握が重要であるこ
とを明らかにした．また，GVL合成に関しては，水素結合供与体として働くFormic acid（FA）の存在下において，
非貴金属触媒を用いた際はLevulinic acid（LA）からGVLに転換される反応系が重要であるということを確認した． 
 第3章では，5-HMF（5-hydroxymethyl furfural）あるいはさらに上流のFructoseを出発原料とした際の，5-EMF合
成系の検討を行った．添加したイオン液体には主にアニオン種が異なるもの（[AC], Acetate; [HSO4], Hydrogen sulfate; 
[DEP], Diethylphosphate; [DMP], Dimethylphosphate）が選定された．中でも[HSO4]アニオンを有する[BMIM][HSO4]添
加系エタノール場において，130 °C，20 minの反応条件にて83 %の5-EMF収率（他条件と比較して最高値）を達成
した． 
 第4章では，出発原料を Inulinや他の炭水化物（例：Glucose，Sucrose，Mannose）とし，同じく[HSO4]系アニオン
を有するイオン液体添加系において5-EMFの one-pot合成を試みた．イオン液体[BMIM][HSO4]を始めとする硫酸系
アニオンは，同じく硫酸系の均一系触媒である H2SO4や SO4官能基を含む不均一系触媒の Amberlyst-15 と比較して
も，高い触媒選択性を有することを明らかにした． 
 第 5章では，エタノール中における Fructoseからの 5-EMF合成に際し，特に 5-HMFの 5-EMFへの転換反応に着
目することでイオン液体の役割を明らかにした．イオン液体には，共溶媒として働き各物質の溶解度を増進させる
と共に，中間体である5-HMFの安定化するなどの役割があることがわかった．加えて，イオン液体のリサイクルと
再活性化も検討を行ったところ，添加剤として使用したイオン液体[BMIM][HSO4]の触媒活性がほぼ失われないこと
を確認した． 
 第6章では，Glucoseを出発原料としたエタノール中における5-EMF合成に際し，イオン液体と極性非プロトン溶
媒共存条件下における反応性の検討を行った．新たな添加剤として DMSO(dimethyl sulfoxide)を選定したところ，
DMSOの添加量が増えるにつれて，5-EMF収率が低下した．これは，DMSOがエタノールと親和的に相互作用をす
ると同時に，イオン液体とも水素結合的な相互作用をすることで，反応場における必要な酸性度が低下したためで
あると推察された． 
 第 7 章では，第 3 章で検討した内容から超臨界 CO2を新たに加え，エタノール+イオン液体相および超臨界 CO2
相の二相状態を形成した上で，LAからのGVL合成を試みた．170 °C，8.5 MPa（CO2），3 hourの条件下において，
GVLの収率は最大で97 %に達し，これはCO2未添加の条件下の結果（GVL収率 約10-20 %）と比較して明らかに
向上した． 
 第8章では，本研究成果をまとめ，今後の展望において言及している． 
 以上のように，本論文はイオン液体を添加剤としたエタノール反応場における 5-EMF あるいは GVL 合成に関し
て，条件探索から反応メカニズム解明，触媒活性の繰り返し性などの幅広い検討を行っており，バイオマスを出発
原料としたバイオ燃料・化学原料合成におけるグリーンプロセス開発に寄与するところが少なくない．よって，本
論文は博士(環境科学)の学位論文として合格と認める． 
    
 
